Introduction
Up to now, in many industrial applications, there is a great interest in four-leg inverters for three-phase four-wire applications. Such as power generation, distributed energy systems [1] [2] [3] [4] , active power filtering [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , uninterruptible power supplies, special control motors configurations [21] [22] [23] [24] [25] , military utilities, medical equipment [26] [27] and rural electrification based on renewable energy sources [28] [29] [30] [31] [32] . This kind of inverter has a special topology because of the existence of the fourth leg; therefore it needs special control algorithm to fulfil the subject of the neutral current circulation which was designed for. It was found that the classical three-phase voltage-source inverters can ensure this topology by two ways in a way to provide the fourth leg which can handle the neutral current, where this neutral has to be connected to the neutral connection of three-phase four-wire systems: 1. Using split DC-link capacitors Fig. 1 , where the mid-point of the DC-link capacitors is connected to the neutral of the four wire network [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . 2. Using a four-leg inverter Fig. 2 , where the mid-point of the fourth neutral leg is connected to the neutral of the four wire network, [22] , [39] , [45] , [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . It is clear that the two topologies allow the circulation of the neutral current caused by the non linear load or/and the unbalanced load into the additional leg (fourth leg). But the first solution has major drawbacks compared to the second solution. Indeed the needed DC side voltage required large and expensive DC-link capacitors, especially when the neutral current is important, and this is the case of the industrial plants. On the other side the required control algorithm is more complex and the unbalance between the two parts of the split capacitors presents a serious problem which may affect the performance of the inverter at any time, indeed it is a difficult problem to maintain the voltages equally even the voltage controllers are used. Therefore, the second solution is preferred to be used despite the complexity of the required control for the additional leg switches Fig.1 . The control of the four leg inverter switches can be achieved by several algorithms [55] , [[58] , [60] [61] [62] [63] [64] . But the Space Vector Modulation SVM has been proved to be the most favourable pulse-width modulation schemes, thanks to its major advantages such as more efficient and high DC link voltage utilization, lower output voltage harmonic distortion, less switching and conduction losses, wide linear modulation range, more output voltage magnitude and its simple digital implementation. Several works were done on the SVM PWM firstly for three legs two level inverters, later on three legs multilevel inverters of many topologies [11] , [43] [44] [45] [46] , [56] [57] , [65] [66] [67] [68] . For four legs inverters there were till now four families of algorithms, the first is based on the αβγ coordinates, the second is based on the abc coordinates, the third uses only the values and polarities of the natural voltages and the fourth is using a simplification of the two first families. In this chapter, the four families are presented with a simplified mathematical presentation; a short simulation is done for the fourth family to show its behaviours in some cases.
Four leg two level inverter modelisation
In the general case, when the three wire network has balanced three phase system voltages, there are only two independents variables representing the voltages in the three phase system and this is justified by the following relation :
Whereas in the case of an unbalanced system voltage the last equation is not true:
And there are three independent variables; in this case three dimension space is needed to present the equivalent vector. For four wire network, three phase unbalanced load can be expected; hence there is a current circulating in the neutral:
n I is the current in the neutral. To built an inverter which can response to the requirement of the voltage unbalance and/or the current unbalance conditions a fourth leg is needed, this leg allows the circulation of the neutral current, on the other hand permits to achieve unbalanced phase-neutral voltages following to the required reference output voltages of www.intechopen.com
The Space Vector Modulation PWM Control Methods Applied on Four Leg Inverters 235 the inverter. The four leg inverter used in this chapter is the one with a duplicated additional leg presented in Fig.1 . The outer phase-neutral voltages of the inverter are given by:
f designed the fourth leg and f S its corresponding switch state. The whole possibilities of the switching position of the four-leg inverter are presented in Table 1 . It resumes the output voltages of different phases versus the possible switching states 
Three dimensional SVM in abc − − frame for four leg inverters
The 3D SVM algorithm using the abc − − frame is based on the presentation of the switching vectors as they were presented in the previous table [34] [35] , [69] [70] [71] [72] . The vectors were normalized dividing them by g V . It is clear that the space which is containing all the space vectors is limited by a large cube with edges equal to two where all the diagonals pass by (0,0,0) point inside this cube Fig. 3 , it is important to remark that all the switching vectors are located just in two partial cubes from the eight partial cubes with edges equal to one V .
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Axis b Fig. 3 . The large space which is limiting the switching vectors
Axis b 
Axis b The instantaneous voltage space vector of the reference output voltage of the inverter travels following a trajectory inside the large cube space, this trajectory is depending on the degree of the reference voltage unbalance and harmonics, but it is found that however the trajectory, the reference voltage space vector is remained inside the large cube. The limit of this space is determined by joining the vertices of the two partial cubes. This space is presenting a dodecahedron as it is shown clearly in Fig. 5 . This space is containing 24 tetrahedron, each small cube includes inside it six tetrahedrons and the space between the two small cubes includes 12 tetrahedrons, in Fig. 6 examples of the tetrahedrons given. In this algorithm a method is proposed for the determination of the tetrahedron in which the reference vector is located. This method is based on a region pointer which is defined as follows:
Where:
The values of () xi are: 
, VV 
The last thing in this algorithm is the calculation of the duty times. From the equation given in (9) the following equation can be deducted: 
Then the duty times:
3D-SVM in α βγ − − coordinates for four leg inverter
This algorithm is based on the representation of the natural coordinates a , b and c in a new 3-D orthogonal frame, called α βγ − − frame [72] [73] [74] [75] [76] [77] [78] [79] [80] , this can be achieved by the use of the Edit Clark transformation, where the voltage/current can be presented by a vector V :
C represents the matrix transformation :   11 21 2  2  03 2  3 2  3 12 12 12 
It is clear that the projection of these vectors onto the αβ plane gives six NZVs and two ZVs; these vectors present exactly the 2D presentation of the three leg inverters, it is explained by the nil value of the γ component where there is no need to the fourth leg.
On the other side Fig 
Fig. 8. Determination of the prisms
The position of the reference space vector can be determined in two steps. 1. Determination of the prism, in total there are six prisms. The flowchart in Fig.8 explains clearly, how the prism in which the reference space vector is found can be determined. 2. Determination of the tetrahedron in which the reference vector is located. Each prism contains four tetrahedrons Fig. 9 , the determination of the tetrahedron in which the reference space vector is located is based on the polarity of the reference space vector components in abc − − frame as it is presented in Tab. 4. Table 4 . Tetrahedron determination.
By the same way, using (9) the duty times of the active vectors can be calculated using the following expression:
Finally:
3D-SVM new algorithm for four leg inverters
A new method was recently proposed for the identification of tetrahedron and the three adjacent nonzero vectors [81] . It exposes the relationship between the reference voltages and the corresponding tetrahedron, on the other side the relationship between the three adjacent vectors and their duty times in each sampling period. This method is based on the idea that the three adjacent vectors are automatically in a tetrahedron, but it is not required to identify this tetrahedron. The authors of this method proposed two algorithms for the implementation of 3-D SVPWM where the phase angle is necessary to be determined. Each of the tetrahedrons is appointed by ( ) Fig. 11 . Presentation of the switching vector in the αβγ frame 
i , j and k are determined from the elements 1 U , 2 U and 3 U . Similarly the parameter r can be deduced, this parameter is used subsequently for the calculation of the application durations of the three vectors. 
The determination of the duration of each vector is given by: 
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If we substitute these values in (20) and according to the given definitions of i , j , k and r , the application duration of adjacent vectors, can be expressed in (22) , it shows that they are only depending on the relative voltage vectors 1 U , 2 U , 3 U and 4 U . 
3D-SVM new algorithm for four leg inverters
A new algorithm of tetrahedron determination applied to the SVPWM control of four leg inverters was presented by the authors in [82] . In this algorithm, a new method was proposed for the determination of the three phase system reference vector location in the space; even the three phase system presents unbalance, harmonics or both of them. As it was presented in the previous works the reference vector was replaced by three active vectors and two zero vectors following to their duty times [34] [35] , [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . These active vectors are representing the vectors which are defining the special tetrahedron in which the reference vector is located. In the actual algorithm the numeration of the tetrahedron is different from the last works, the number of the active tetrahedron is determined by new process which seems to be more simplifiers, faster and can be implemented easily. Form (5) and (12) It is clear that there is no effect of the fourth leg behaviours on the values of the components in the α β − plane. The effect of the fourth leg switching is remarked in the γ component. The representation of these vectors is shown in Fig. 12 -c-. 
Determination of the truncated triangular prisms
The coefficients can be calculated as follows: 27) ε is used to avoid the confusion when the reference vector passes in the boundary between two adjacent triangles in the αβ plane, the reference vector has to be included at each sampling time only in one triangle Fig. 12-c-. On the other hand, as it was mentioned in the first family works, the location of the reference vectors passes in six prism Fig. 12-b -, but effectively this is not true as the reference vector passes only in six pentahedron or six truncated triangular prism (TP) as the two bases are not presenting in parallel planes following to the geometrical definition of the prism Fig. 12 -a-. The number of the truncated prism TP can be determined as follows:
() 
Calculation of duty times
To fulfill the principle of the SVPWM as it is mentioned in (9) which can be rewritten as follows: 
From (30), (31) and (32) the following expression is deduced:
In the general case the following equation can be used to calculate the duty time for the three components used in the same tetrahedron: 
Where: 
Variable j and k are supposed to simplify the calculation where:
A question has to be asked. From one tetrahedron, how the corresponding edges of the existing switching vectors can be chosen for the three vectors used in the proposed SVPWM. Indeed the choice of the sequence of the vectors used for 1 V , 2 V and 3 V in one tetrahedron depends on the SVPWM sequencing schematic used [108] , [115] , in one sampling time it is recommended to use four vectors, the fourth one is corresponding to zero vector, as it was shown only two switching combination can serve for this situation that is 
Applications
To finalize this chapter two applications are presented here to show the effectiveness of the four-leg inverter. The first application is the use of the four-leg inverter to feed a balanced resistive linear load under unbalanced voltages. The second application is the use of the four-leg inverter as an active power filter, where the main aim is to ensure a sinusoidal balanced current circulation in the source side. In the two cases an output filter is needed between the point of connection and the inverter, in the first case an "L" filter is used, while for the second case an "LCL" filter is used as it is shown in Fig. 15 and Fig. 20 . In this application, the reference unbalanced voltage and the output voltage produced by the four leg inverter in the three phases a, b and c are presented in Fig. 16 . The currents in the four legs are presented in Fig. 17 , it is clear that because of the voltage unbalance the fourth leg is handling a neutral current. To clarify the flexibility of the four leg inverter and the control algorithm used, Fig. 18 shows the truncated prisms and the tetrahedron in which the reference voltage space vector is located. 
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Applications2
The application of the fourth leg inverter in the parallel active power filtering has used in the last years, the main is to ensure a good compensation in networks with four wires, where the three phases currents absorbed from the network have to be balanced, sinusoidal and with a zero shift phase, on the other side the neutral wire has to have a nil current circulating toward the neutral of power system source. Figures 21, 22, 23 Fig. 20 . Four-leg inverter is used as a Parallel Active Power Filter 'APF' for ensuring a sinusoidal source current. 
Conclusion
This chapter deals with the presentation of different control algorithm families of four leg inverter. Indeed four families were presented with short theoretical mathematical explanation, where the first one is based on α βγ − − frame presentation of the reference space vector, the second one is based on abc − − frame where there is no need for matrix transformation. The third one which was presented recently where the determination of the space vector is avoided and there is no need to know which tetrahedron is containing the space vector, it is based on the direct values of the three components following the three phases, the duty time can be evaluated without the passage through the special location of the space vector. The fourth method in benefiting from the first and second method, where the matrix used for the calculation of the duty time containing simple operation and the elements are just 0,1 and -1. As a result the four methods can lead to the same results; the challenge now is how the method used can be implemented to ensure low cost time calculation, firstly on two level inverters and later for multilevel inverters. But it is important to mention that the SVMPWM gave a great flexibility and helps in improving the technical and economical aspect using the four leg inverter in several applications.
